INTRODUCTION
Fluid flow over rough walls is theoretically explained quite well. There are many research works in this field. Well known relations also exist in nondimensional form of the Darcy-Weisbach friction factor λ, Reynolds number Re, and relative roughness for fully developed flow in a circular pipe, presented in Moody diagram.
For solving Navier-Stokes equations in 3D arbitrary complex geometries, it is not possible to get analytical solution, but only numerical. The similar situation is also prediction of losses, caused by different surface roughness of the walls.
In the CFD analyses, the surface roughness can be analyzed in two ways. First, the complete surface shape can be taken into account, but such approach needs very fine computational grids and in the majority of industrial application it is not an appropriate method.
Another method is the usage of special parameters, which define the surface roughness. In some commercial software, the sand-grain equivalent parameter is used to predict the surface roughness. It is known from literature that sand-grain equivalent parameter does not depend only on the roughness amplitudes, but also on the shape and frequency of the roughness [1] .
An important issue in the CFD analysis is the near wall treatment with different turbulence models and using the exact value for y + parameter is meaningful. This parameter is very important in the analysis of smooth surfaces, however, it is even more important when the surface is not hydraulically smooth.
The arithmetic average of the roughness profile R a is defined as ( (
Literature review about the usage of CFD analysis of rough walls shows that the number of scientific papers about this topic is quite moderate. It is possible to find some papers about the connection of turbulence models and wall roughness [2] and [3] . Some authors Many different machines are developed in industry and in terms of energy conversion, their efficiency is one of the most important parameters. A lot of theoretical, experimental and numerical analyses are done in the development process in order to obtain required characteristics. Computational fluid dynamics (CFD) analyses are a very important part of the development process. To obtain accurate results it is important to pay attention to geometry definition, usage appropriate numerical model, quality of the computational grid, realistic boundary conditions and all of the other parameters regarding fluid and solid material properties. A very important issue is usually the correct selection of the turbulence model. In most CFD analyses, only smooth surface is taken into account without considering any wall roughness. Besides the usage of different physical and mathematical models and all required parameters, the wetted surface roughness can also be one of the important origins of the numerical results inaccuracy. In the paper, the analysis of the influence of different parameters such as the sandgrain equivalent parameter is presented. The influence of y + on the accuracy of the flow analysis with different absolute roughness of the surfaces is also analyzed. For basic relations, the flow in simple geometries like flow over flat plate and flow in circular pipe has been analyzed. The conclusions of the preliminary research work are used in the case of efficiency prediction of centrifugal pump with rough walls. The final numerical results are compared with the experimental ones and show better agreement in comparison with the flow over smooth walls. Keywords: pump, CFD, wall roughness, turbulence Highlights • Water pumps are very important hydraulic machines with significant electricity consumption, because of the huge number of the operating machines. • The accuracy of numerical prediction of energetic characteristics is very important for the development process of centrifugal pumps. • One of the important parameters in CFD analysis is wall roughness, which is the main reason why in the paper an investigation of the influence of roughness on the CFD results is performed. • Using correct computational grid parameters is very important for the accuracy of numerical analyses. performed some research work on the basic influence of the wall roughness on the turbulent boundary layer [4] to [6] . The paper [7] presents analysis of the losses in centrifugal pump with smooth and rough walls. In the paper, some figures about the difference between experimental and numerical obtained efficiency are presented. It is also possible to find research work about the degradation of an axial-turbine stage [8] as a consequence of wall roughness using the CFD analysis. Some papers dealing with wall roughness are devoted to different topics like mine ventilation networks [9] or just numerical analysis around blades [10] as well as numerical analysis of the flow in the pipes with rough walls [11] . Surface roughness has a significant influence on the engineering problems and leads to an increase in turbulence production near the rough walls. This also has an influence on increasing wall shear stress. Accurate prediction of near wall flows depends on the proper modelling of surface roughness [12] .
The near wall treatment, which is used in ANSYS CFX-Solver (Scalable Wall Functions, Automatic Wall Treatment) is appropriate when walls are considered as hydraulically smooth. For rough walls, the logarithmic profile exists but moves closer to the wall and the near wall treatment becomes more complex, since it now depends on two variables: the dimensionless wall distance y + and the mean roughness height (R a ).
The arithmetic average of absolute roughness, which must be specified like the wall boundary conditions, is presented in many commercial software with the sand-grain roughness equivalent [12] . It is important to consider that the sand-grain roughness height is not equal to the geometric roughness of the surface. Wall friction depends on the type of roughness (shape, distribution, etc.) and not only on roughness height. Therefore, determining the appropriate equivalent sand-grain roughness height is crucial.
In this paper, we use basic relations for the incompressible fluid motion with the Reynolds-Averaged Navier-Stokes system of equations.
Usual logarithmic relation for the near wall velocity is presented by the equation:
where
The above logarithmic relation for the near wall velocity is different if wall roughness is taken into account. The new logarithmic velocity profile is:
where B = 5.2. The ΔB is a function of the dimensionless roughness height, h + , defined as:
and the dimensionless sand-grain roughness:
In addition, for sand-grain roughness, ΔB is defined by:
Depending on the dimensionless sand-grain roughness h s + , three roughness regimes are defined:
• Hydraulically smooth: 0 ≤ h s + ≤ 5,
• Transitional-roughness: 5 ≤ h s + ≤ 70,
• Fully rough flow: h s + ≥ 70.
In the paper, we also present the numerical results of flow analysis in the centrifugal pump, where wall roughness was taken into account. Technical roughness, which has peaks and valleys of arbitrary shape and different sizes, can be presented by an equivalent sand-grain roughness [1] . In the Eq. (8), the variable h s means the equivalent of average roughness height.
In the last ten years, many papers have dealt with the numerical analysis of the pump characteristics. The results have been obtained using different types of computational grids, different turbulent models, steady state or unsteady approach and different software. The most analyses were done by using hydraulic smooth walls.
If the roughness is not taken into account, some losses in the flow are neglected or underestimated. These losses depend on the absolute size of roughness and on the velocity of the fluid. Therefore many times the comparison between the numerically obtained efficiency and experimental results show different discrepancies, depending on operating conditions. Before we started analyzing the flow in the pump, we had to check some basic relations between computational mesh parameters, turbulence models and roughness height. In order to obtain these answers, two simple test cases were performed. First, the flow near a flat plate and second the flow in a pipe.
In Fig. 2 the velocity distribution near the flat plate wall for four different sand-grain equivalent sizes 0 μm, 10 μm, 35 μm and 100 μm is presented, for the computational grid near flat plate with the size of the first element near the wall 10 μm.
The upper graph shows the complete velocity distribution in the boundary layer, while the lower graph shows just the velocity distribution inside 100 μm space near the wall.
The flow boundary conditions and computational grid for all four results in Fig. 2 are completely the same. The difference is just the roughness height.
Similar velocity distribution is presented in Fig.  3 , where different mesh size near the wall is used, with the size of the first element near the wall 40 μm.
It is known that wall roughness increases the wall shear stress and breaks up the viscosity sublayer in the turbulent flows. The consequence is also the downward shift in the near wall velocity profile (Eq. 6).
In Fig. 2 it can be seen that for the very low values of y + (lower than 5) the velocity near the wall is even higher for rough walls in comparison with smooth walls. In Fig. 3 , where y + is higher than 10, the situation is the opposite. The results show the influence of y + on the accuracy of the near wall velocity profile. The results in Figs. 2 and 3 show that too small y + is not suitable for the analysis of the losses, where rough walls are taken into account.
Fig. 4. Velocity vectors in boundary layer
The second test case of the flow analysis was the flow in the circular pipe (Fig. 4) . The length of the pipe is 1.5 m and the diameter is 0.05 m. The results of this test show the influence of the computational mesh size near the wall on the accuracy of the results. The obtained CFD results were compared with the theoretical results, calculated using theoretical Moody friction factor (Eq. 10). In Fig. 5 a comparison of ratio between theoretical and numerical losses for different roughness heights and different size of dimensionless parameter y + is presented.
Theoretical results were obtained by the following equations: 
for 5000 ≤ Re ≤ 10 8 and 10 -6 ≤ h/D ≤ 10 -2 .
Fig. 5. Comparison of numerical and theoretical prediction of losses of the flow in pipe
The above results show that the influence of the y + is significant and we can conclude that a very small y + over predicts the losses in circular pipe. Very high values give better results but still over predict the losses.
CFD ANALYSIS OF THE FLOW IN PUMP
Comparison of the centrifugal pump efficiency obtained by measurement and numerical results, where only smooth walls were taken into account, shows that efficiency difference is not a constant for different operating regimes, but is much higher at full load than at part load. The reasons for such results can be different. We know that real walls are rough ( Fig. 6 ) thus taking wall roughness into account in the numerical analysis can probably improve the results. Because of the above-mentioned differences, the efficiency analysis for different wall roughness and for at least five flow rates from part load to full load regime ( Table 1 ) was performed. A numerical analysis of the pump was done for five flow rates and for each operating point with three different roughness heights (Table 1 ). In Table 1 the flow rates are presented relatively depending on best efficiency point (BEP) flow rate.
The numerical analysis results of the flow in the pipe gave us the basic recommendations about the required computational grid parameters and overall quality for the accurate analysis of the flow in the centrifugal pump (Fig. 7) . The specific speed the analysed pump is n q = 24. The main geometric parameters of the pump are: • inlet diameter 0.16 m, • outlet diameter 0.33 m, • outlet width 0.031 m. Fig. 7 . Computational domain of the pump CFD analyses were done with computational grids with about 13.5 million elements (Fig. 8) . The y + depends on the size of the first element and on the size of the speed. Because the numerical analysis was done for different flow rates, it is not possible to have the same value of y + for all operating regimes just with one computational grid. In our case, we had one computational grid for all flow rates and y + distribution on the impeller blades is presented in Fig. 9 for BEP. For the flow rates smaller than BEP, the y + is smaller, for the full load operating regime the y + is bigger than in the Fig. 9 .
At the BEP, y + is between 10 and 30 in most areas, but on the part of pressure side of the impeller blades, the y + is smaller than 10 and on the part of suction side it is bigger than 30.
The quality of computational grid was provided with average aspect ratio around 100 at the near-wall elements and with the expansion ratio of 1.2. The size of elements outside the boundary layer was defined depending on the local flow properties, for each part of the pump.
The fluid in the CFD analysis was water at 25 °C , with density 997 kgm -3 and dynamic viscosity 8.899 kgm -1 s -1 .
The results of time dependent efficiency distribution for the two operating regimes are presented in Figs. 10 and 11 . Relative efficiency is defined as a ratio between efficiency of each operating regime and maximal efficiency obtained with measurements. In Fig. 10 the results for the smallest flow rate (0.055 m 3 s -1 ) are presented and in this case the difference between the average results obtained using smooth walls and different heights of roughness is quite small, less than five percent. If we compare the average results at part load for different heights of the roughness and for smooth wall with the results of measurements, the conclusion is that only the efficiency for smooth walls is noteworthy higher than the measured efficiency. From measurements of the pump wall roughness the approximate value of the R a value was obtained, which is around 5 μm and with the algorithm in the paper [1] this value can be calculated to the sand-grain roughness coefficient. For the investigated pump, the sand-grain roughness equivalent is approximately 50 μm. In Fig. 11 the results for the flow rate bigger than the best efficiency point (0.095 m 3 s -1 ) are presented and in this case the difference between the results obtained using smooth walls and different heights of roughness is much bigger, more than ten percent.
At this operating point, roughness influence is slightly different. Efficiency for smooth walls and for 50 μm roughness is higher than measured efficiency. The efficiency is smaller only for the 100 μm roughness.
In Figs. 10 and 11 only the results for smooth walls and two values of the roughness are presented, because the computational time for unsteady analysis was quite long and we did not make calculations for the same number of time steps for all values of the roughness.
It is not possible to take all flow parameters into account, but from the obtained results ( Fig. 12 ), we can conclude that wall roughness is an important parameter in accurate numerical analyses, especially when absolute accuracy is important.
Fig. 12. Comparison of pump efficiency characteristics between experiment and numerical analysis
Comparison between numerical and experimental results is presented in Fig. 12 . Results are presented for different flow rates between 0.7 and 1.3 Q BEP . For small flow rates, all results are very close and the difference between experimental results and results for rough wall is very small.
The measurements of the efficiency were done using different instruments: • flow rate -electromagnetic flow meters, • head -pressure gauge, • power -wattmeter, • rotational speed -digital rpm device.
The measurements uncertainty was in accordance with the international standard ISO 9906. The relative uncertainties of the used instruments for each variable are:
The different situation is for the operating point right of the best efficiency point, where the difference between experimental results and results for smooth wall is around seven percent. Taking wall roughness into account, the numerical results approach the experimental results, but the difference is still around one percent, approximately the same order of magnitude as at a part load operating regime.
The comparison in the Fig. 12 is presented for only one sand-grain equivalent roughness size 50 μm, which is supposedly the closest to the real value and was obtained at roughness measurements of the impeller surface and calculated to the appropriate sand-grain equivalent. The results considering wall roughness are better in comparison with the results for smooth walls, but there are still some discrepancies, which are probably also caused by different parameter y + , since the computational grid for all calculations was the same. There are also other possible reasons for the inaccuracy of the numerical results, which were not taken into account.
CONCLUSIONS
The numerical prediction of energetic characteristics of different hydraulic machines can be obtained using different CFD codes. Sometimes numerical results match very well with the experimental ones but in many cases the situation is different. That is why the researchers paid a lot of attention to the quality of computational grid, appropriate turbulence models, accurate boundary conditions and other necessary flow and fluid parameters.
Nevertheless, consideration of the wall roughness usually remained forgotten. Wall roughness is present at the majority of the industrial flow analyses. One of the possible reasons why the wall roughness is neglected is the required quality of computational grid or some problems with turbulence models.
The numerical analysis of the flow over rough walls can be performed in two ways. First with exact geometrical modelling of the wall roughness, and second with using special equivalent parameters for roughness prediction. From the computational point of view, the first method is very demanding and time consuming. That is why many CFD codes use different coefficient, like sand-grain equivalent coefficient.
Because there is not a lot of research work on this topic, this paper presents some relations between the roughness coefficient and the usage of numerical methods for accurate prediction of losses in centrifugal pumps. In particular, the focus was on the size of the computational grids near the walls.
The paper also presents the influence of the dimensionless parameter y + on the accuracy of numerical results with comparison of theoretical and numerical results. It is shown that very small values of y + give a big difference between theoretical and numerical results. The usage of appropriate y + is necessary, because the surface roughness increases the wall shear stress in the turbulent boundary layer.
The second part of the paper deals with the numerical prediction of unsteady pump efficiency for different values of wall roughness. The results show that the influence of the wall roughness is not negligible thus it is very important to consider it. The main problems are the exact prediction of the sandgrain roughness equivalent and using the appropriate y + coefficient for all calculations.
Further investigations will analyze different shapes of wall roughness in terms of finding the accurate interface between real wall roughness and sand-grain roughness equivalent. 
NOMENCLATURES

